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I  INTRODUCTION 


The  use  of  carbon/graphite  fiber  reinforced  organic  matrix  composites 
for  lightweight,  high  strength/stiffness  DOD  applications  has  grown  substantially 
in  recent  years  and  the  trend  is  projected  to  continue  with  even  faster  rate 
through  1980' s.  Such  a  growth,  however,  depends  on  progresses  to  be  made  in  a 
number  of  areas  which  include  lowering  the  manufacturing  cost  of  fibers,  enhance¬ 
ment  of  quality  control  through  improved  processing  technology,  better  fatigue 
life  and  long  term  stability  via  new  design  of  fiber-resin  interface  and  finally 
fiber-resin  adhesion.  Since  the  main  problem  encountered  in  the  use  of  fibers  in 
resin  composites  is  to  establish  a  fiber  surface  to  achieve  maximum  adhesion  be¬ 
tween  resin  and  fiber  surface,  surface  and  interface  aspects  of  the  carbon/graphite 
fibers  and  their  composites  have  been  extensively  investigated  (1-4). 

A  variety  of  surface  coating  and  modification  techniques  have  been  developed 
(6-11)  to  improve  interfacial  bonding  as  well  as  to  enhance  process i bi 1 ity  and 
handling  of  fibers.  An  excellent  review  on  the  subject  has  been  made  available 
recently  by  Delmonte  (1)  and  by  Drzal  (5). 

Some  of  the  common  treatments  (Table  1)  include  oxidation  of  fibers  with 
either  liquid  oxidizing  agents  (6),  such  as  concentrated  nitric  acid,  potassium 
permanganate,  sodium  hypochlorite  and  hydrochloric  acid  or  with  gaseous  media  (7) 
such  as  air,  oxygen  and  ozone.  Generally,  oxidation  etches  the  fiber  surfaces 
and  yield  substantial  Increase  in  shear  strength.  However,  improved  bonding  is 
accompanied  by  substantial  loss  in  tensile  properties  especially  in  the  case  of 
gaseous  oxidation  (8).  Another  approach  has  been  the  application  of  various 
polymeric  coatings  in  the  order  of  1^%  by  wt.  of  fibers  such  as  phenol ics,  epoxy 
and  organo-silanes  and  tltanates.  These  resulted  in  varying  degrees  of  improve¬ 
ment  In  adhesion  but  the  control  of  the  thickness  of  coating  has  been  a  potential 
problem.  Solutions  of  reducing  agents  have  been  also  used  such  as  FeCl3  or 
ferrocene  (4)  to  improve  the  Interlaminar  shear  strength.  These  treatments 
result  In  substantial  improvement  In  shear  strength,  and  for  the  ferrocene, 
there  was  no  loss  in  fiber  strength.  However,  the  surface  contamination  of 
iron  compounds  on  the  fiber  surface  contributes  to  high  temperature  instability. 
Similar  adverse  effect  such  as  acceleration  of  the  decomposition  of  carbon  fibers 

at  elevated  temperature  is  also  reported  when  fiber  is  treated  with  copper  acetate 
solution  (9). 

Surface  modification  via  vapor  phase  deposition  has  been  investigated  in 
which  carbon/graphite  surface  was  "whlskerized"  by  growing  crystalline  fibers, 
such  as  silicon  carbide,  which  provides  mechanical  bonding  sites  (10). 
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Recently  Subramanlan  and  Jukuboswhl  (11)  reported  a  new  approach  In 
surface  modification  through  electrochemical  polymerization  using  several 
vinyl  type  monomers  such  as  acrylics,  styrene  and  acrylonitrile.  There  were 
moderate  Improvements  In  the  Interlaminar  shear  strength  and  the  Impact  strength 
of  composites  when  prepared  from  the  fibers  onto  which  polymers  had  been  grafted 
through  electroplating. 

In  this  study,  we  have  Investigated  another  approach  towards  modification 
of  carbon/graphite  fiber  surfaces  using  a  plasma  polymerization  technique, 
refers  certain  advantages  over  the  conventional  surface  treatment  ,n 
that  It  provides  a  means  of  tailoring  the  surface  systematically  for  various 
purposes  with  relatively  simple  operations.  This  work  Is  primarily  on  the  plasma 
of  acrylonitrile  and  styrene  monomers  which  are  applied  to  various  substrates 

including  graphite  fibers. 


Due  to  difficulties  in  handling  graphite  fibers,  other  substrates  such  as 
pyrolytic  graphite  block,  glass  slide,  and  silicon  chip  were  utilized  to  character¬ 
ize  the  plasma  treated  surfaces.  Electron  Spectroscopy  for  Chemical  Analysis 
(ESCA),  Infrared  Spectroscopy  (IR)  and  scanning  electron  microscope  (SEM)  were 
used  to  examine  the  surfaces  of  untreated  and  of  plasma  treated  graphite  fibers 
and  pyrolytic  graphite  blocks. 

The  mechanical  properties  of  the  composites  prepared  from  untreated,  plasma 
treated, and  commercially  treated  graphite  fibers  were  studied. 


II  LITERATURE  REVIEW 

FIBER/RESIN  INTERFACE 

It  is  generally  believed  that  chemical  interaction  between  the  constituents 
In  a  multiphase  system  is  not  absolutely  required  to  ensure  mechanical  integrity 
of  the  system.  The  dispersion  forces  alone  exceed  the  mechanical  strength  of 
composites  by  several  orders  of  magnitude  and  therefore  are  not  responsible  for 
the  premature  failure  of  a  reinforced  structural  material.  Instead,  the  failure 
is  associated  with  inadequate  wetting  of  the  reinforcing  constituent  by  the 
polymer.  Poor  wetting  minimizes  adhesion  since  the  dispersion  force  field  has 
an  extremely  limited  range.  Furthermore,  inadequate  wetting  promotes  entrapment 
of  air  or  vapor  at  the  Interface,  thereby  creating  stress  concentration  spots  in 
a  critical  area  of  load  transfer. 

The  requirements  for  wetting  are  expressed  in  terms  of  energy  relationships 
for  the  solid  and  liquid.  When  wetting  occurs  spontaneously,  the  difference 
between  the  free  energy  of  the  solid  at  the  solid-vapor  Interface,  y<.y,  and  the 
combined  surface  energies  at  the  solid-liquid  Interface,  ySL*and  at  the  liquid- 
vapor  Interface  (ylv)1s  greater  than  zero: 

s  -  Ysv  -  (ysl  +  yu  )  >  0  (1) 

where  S  is  the  spreading  coefficient  (6.)  and  a  measure  of  the  work  gained  in 
creating  a  surface  element  at  the  liquid-solid  boundary.  These  relationships 
ar  shown  in  Figure  1. 

Wetting  behavior  is  also  characterized  by  the  contact  angle  0.  Under 
equilibrium  conditions,  the  net  free  energy  at  the  SL-,  SV-,  and  LV-  interfaces, 
which  results  from  infinitesimal  changes  in  the  area  at  the  solid-liquid  boundary, 
is  zero.  Thus 


YSLdA  +  YLvdAcos  0  -  Y«.ydA  =  0 


(2) 
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Figure  1  Surface  Energy  Relationship 
at  the  Liquid-Solid  Interface 


and 

cos  0  =  a -  (3) 

Y 

LV 

where  y  represents  the  surface  energy  of  the  interfaces  indicated,  and  dA 
the  change  in  surface  area.  According  to  equation  (3),  the  wettability 
increases  for  those  substances  for  which  the  equilibrium  conditions  shift 
toward  larger  values  of  cos  0  .  Therefore,  the  contact  angle  measurements 
have  generally  been  used  as  a  means  to  measure  the  wettability  of  the 
substrate. 

Because  of  the  geometry  and  the  very  small  diameters  of  graphite  fibers, 
contact  angles  between  fiber  and  liquids  have  been  difficult  to  measure  with 
adequate  accuracy.  As  a  result,  critical  surface  energy  data  are  not  readily 
available. 

A  flotation  method  has  been  suggested  as  a  means  of  measuring  the 
critical  surface  energy  of  fiber  materials  [121  .  In  this  procedure  the  surface 
tension  of  the  solid  is  determined  by  establishing  the  surface  tension  of  the 
liquid  that  just  permits  the  fiber  to  sink.  This  is  considered  to  be  the  critical 
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surface  tension  of  the  fiber  surface.  However,  the  fiber  density  must  always 
exceed  the  density  of  the  flotation  liquid.  Although  this  is  a  very  useful 
techniaue,  it  is  inanpli cable  to  graphite  fiber  due  to  its  irregular  surface 
structure,  small  filament  diameter  and  small  difference  in  density  with 
flotation  liquids. 

In  view  of  the  difficulties  encountered,  a  different  substrate  was 
utilized  to  study  the  wetting  behavior  of  the  plasma  treated  surface. 

PLASMA  AND  PLASMA  POLYMERIZATION 

A  plasma  is  defined  as  ionized  gas  consists  of  atoms,  molecules,  ions, 
metastables  and  excited  states  of  these,  and  electrons  such  that  the  concen¬ 
tration  of  positively  and  negatively  charged  SDecies  are  roughly  the  same. 

The  technique  of  most  interest  to  plasma  polymerization  is  the  "cold-plasma" 
in  which  free  electrons  gain  energy  from  an  imposed  electrical  field,  and 
subsequently  looses  it  through  collisions  with  neutral  molecules  in  the  gas. 

The  transfer  of  energy  to  gas  molecules  leads  to  the  formation  of  a  host  of 
chemically  reactive  species,  some  of  which  become  precursors  to  the  plasma 
nolvmerization  reaction. 

The  olasma  created  by  a  qlow  discharge  possesses  average  electron 

q  19 

energies  in  the  range  of  1  to  10  eV  and  electron  densities  of  10  -  10  per 
cubic  centimeter  [13].  In  addition,  the  electron  temperature,  Tg  of  the  plasma 
is  not  eaual  to  the  qas  temperature  Tq,  but  has  a  ratio  of  10  to  100.  It  is 
therefore  possible  for  Dlasma  oolymerization  to  proceed  at  near  ambient 
temperature  in  the  presence  of  electrons  to  rupture  covalent  bonds  in  the  gas 
molecules.  Thus,  olasma  produced  by  the  glow  discharge  method,  called  "cold- 
nlasma",  is  most  often  used. 

The  mechanism  and  kinetics  of  plasma  polymerization  have  been  studied  and 
reported  by  many  (13,14,15,16).  One  of  the  common  tasks  has  been  to  identify 
the  dominant  soecies  that  control  the  mechanism  of  plasma  polymerization.  West- 
wood  (17)  suggested  that  positive  ions  from  the  plasma  cause  the  polymerization 
reaction  to  occur.  Later,  Thompson  and  Mayham  (18,19)  supported  the  cationic 
mechanism.  Recently,  Smolinsky  and  Vasile  (20,21)  carried  out  a  series  of 
experiments  in  direct  sampling  of  ionic  and  neutral  species  from  RF  discharges 
of  organic  and  organometallic  vaoors,  and  concluded  that  highly  unsaturated  ions 
play  a  predominant  role. 

On  the  other  hand,  Oenaro  et  al.  (22)  favored  the  free  radical  mechanism, 
based  on  the  observation  that  a  significant  amount  of  free  radicals  are  trapped 


in  the  film.  The  presence  of  large  concentrations  of  free  radicals  has  also 
been  detected  by  ESR  (electron  spinning  resonance)  technique  (23,24,25). 

Although  no  experimental  data  are  available  for  organic  plasmas  itself,  it 
has  been  shown  that  in  inorganic  systems,  free  radicals  are  present  to  the 
extent  of  lCf2  to  10"1  of  the  neutral  species,  whereas  ions  are  present  to 
the  extent  or  10'6  to  10“5  of  the  neutrals  (26).  This  observation  is  considered 
reasonable  since  the  energy  required  to  form  free  radicals  (3-4  eV)  is 
considerably  less  than  that  required  to  form  ions  (9  -  13  eV).  Therefore,  a 
substantially  higher  concentration  of  radicals  than  ions  may  be  expected. 
Polymerization  is  believed  to  proceed  through  propagation  of  radical  Inter¬ 
mediates  and  chain  growth  is  terminated  by  radical  recombination  (27,28). 

Plasma  polymerization  can  be  initiated  by  either  pulse  or  continuous  glow 
discharge.  However,  the  mechanisms  of  the  two  methods  differ  considerably  (29). 
Pulse  plasma  polymerization  is  similar  to  the  conventional  polymerization 
process,  including  the  radiation-induced  polymerization.  During  the  glow  period, 
initiation  process  occurs;  during  the  off  period,  propagation  of  monomer 
addition  occurs.  The  end  product  of  the  pulsed  process  Is  the  same  as  the  con¬ 
ventionally  polymerized  polymer.  However,  in  continuous  plasma  polymerization, 
a  highly  cross-linked  polymer  is  formed  which  is  completely  different  from  the 
conventionally  polymerized  polymer.  Also,  it  could  be  a  polymer  that  has  different 
functional  groups  than  the  monomer  (30). 

For  surface  modification  of  graphite  fibers,  continuous  glow  discharge 
mechanism  is  considered  more  favorable  because  it  can  provide  surfaces  coated  with 
high  cross-linking  density  polymer.  Also,  this  could  enhance  a  strong  cohesive 
bonding, i.e,  grafting  between  plasma  polymer  and  the  substrate,  and  inhibit 
intermolecular  diffusion  of  moisture. 

The  kinetics  of  plasma  polymerization  depends  on  a  number  of  parameters. 

For  a  system  based  on  an  Induction  coupled  RF  el.ectrodeless  reactor,  some  of  the 
key  parameters  are;  power  input,  substrate  location,  RF  frequency,  pressure 
monomer  flow  rate,  reactor  configuration,  type  of  monomer  gases,  and  exposure 
time. 

The  rate  of  plasma  polymerization  generally  Increases  with  increasing  power, 
until  at  high  power  densities  where  the  polymerization  rate  becomes  independent  of 
power  (31).  Figure  2  illustrates  the  typical  power  effects  on  the  deposition 
rate.  Although  the  high  power  favors  the  rate  of  plasma  polymerization,  it  also 
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accelerated  the  degradation  process  at  the  surface  of  the  substrate.  This 
surface  degradation  is  due  to  the  excess  energy  carried  by  the  metastables, 
excess  ions,  electrons  and  free  radicals,  which  increases  the  possibility  of 
knocking  off  the  surface  molecules  of  the  substrate.  Therefore,  for  surface 
modification  by  plasma  polymerization,  a  moderate  power  is  required  to  achieve  a 
reasonable  deposition  rate  and  minimal  degradation.  Power  also  governs  the 
overall  area  of  glow  region  within  the  reactor  chamber.  And  it  is  in  the  glow 
region  where  the  maximum  rate  of  polymerization  occurs  (32). 

The  kinetics  of  plasma  polymerization  is  often  affected  by  reactor  configu¬ 
ration  (33,34,35).  Kobayashi  (34)  showed  that  under  otherwise  identical  conditions, 
the  polymerization  rates  of  ethylene  are  not  the  same  for  those  using  tubular  type 
and  for  bell-jar  type  reactors.  Moreover,  electrodeless  glow  discharge  also 
produces  different  deposition  rates  than  those  with  Internal  electrodes  (35). 

Plasma  polymerization  can  be  carried  out  in  either  DC  or  AC  discharge  at 
various  frequencies.  In  DC  glow  discharge  (37),  the  reproducibility  of  films 
deposited  is  generally  poor  and  also  there  is  often  the  danger  of  contamination 
from  sputtering.  Therefore,  DC  discharge  is  seldom  used.  In  AC  glow  discharge, 
the  frequency  affects  the  polymerization  rate  as  shown  in  Figure  3. 

Yasuda  (38)  surveyed  28  different  monomers  and  found  that  monomers  containing 
aromatic  groups,  nitrogen  (eg.  -NH  ,  -NH,  -CN),  silicon  and  olefinic  double  bonds 
are  more  readily  polymerizable  while  those  containing  oxygen  (eg.  -C=0,  -0-,  -OH), 
chlorine,  aliphthic  hydrocarbon  and  cyclic  hydrocarbons  tend  to  decompose.  The 
latter  was  confirmed  by  M.K.  Tse  (30)  who  used  methylmethacrylate  to  modify 
graphite  fiber  surface.  The  Fourier  Transform  Infrared  study  of  the  methylmeth- 
acrvlate plasma  modified  graphite  fibers  surface  reveals  the  absence  of  the  car¬ 
bonyl  group.  This  supports  the  decomposition  tendency  of  the  oxygen  containing 
monomer. 

Brown  (39)  reported  in  his  study  of  a  series  of  vinyl  halides  that  the 
dihaloethylenes  polymerize  more  rapidly  than  the  corresponding  monohalides,  and 
that  chlorides  and  bromides  polymerize  more  rapidly  than  the  fluorides.  Kobayashi 
(31)  found  that  the  additions  of  certain  halogenated  compounds  to  hydrocarbon 
monomer  streams  often  dramatically  increase  the  polymerization  rate.  Thus,  these 
halogenated  compounds  may  be  considered  as  gas  phase  catalysts  for  the  plasma 
polymerization  of  hydrocarbons. 

Flow  rate  is  one  of  the  key  parameters  affecting  the  kinetics  of  plasma 
polymerization  and  the  structure  of  plasma  generated  films.  Generally  speaking,  at 
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low  flow  rates,  there  is  a  relative  abundance  of  reactiye  species  so  that 
polymerization  rate  is  limited  only  by  the  availability  of  monomer  supply, 

At  high  flow  rates,  however,  there  is  an  overabundance  of  monomer  and  the 
polymerization  rate  then  depends  on  the  residence  time.  At  intermediate  flow 
rates,  however,  the  two  factors  result  in  a  maximum  deposition  rate.  In 
addition,  depending  on  the  reactivity  of  the  monomer  itself,  different  rates 
were  observed  (40)r  Figure  4  through  Figure  6  illustrate  the  above  phenomena. 

Variations  in  operating  parameters  often  produce  significant  differences 
in  the  structure  and  properties  of  the  plasma  polymer.  For  a  given  monomer  in 
a  reactor  at  a  fixed  frequency,  a  "characteristic  map"  can  be  constructed 
(40,41,43)  as  shown  in  Figure  7.  For  ethylene  polymerized  at  a  frequency  of 
13.56  MHz,  both  powder  and  film  are  formed  at  low  pressure  and  low  monomer  flow 
rates  (43).  At  high  pressures  and  high  flow  rates,  an  oily  product  is  produced. 
Only  at  low  pressure  and  high  flow  rate  can  a  solid,  pinhole-free  film  be  obtained. 
If  the  pressure  in  the  reaction  is  high  and  the  monomer  flow  rate  is  low,  then 
the  discharge  becomes  unstable.  Furthermore,  Figure  7  shows  that  lower  power 
renders  It  possible  to  produce  a  film  at  lower  flow  rates.  For  conditions  near 
the  vicinity  of  the  powder-film  border-line,  the  films  are  not  transparent  because 
of  the  incorporation  of  very  fine  powder  particles  (44,45).  Upon  increase  of  the 
flow  rate,  a  transparent  film  can  be  formed  Indicating  that  either  powdering 
product  is  not  formed  or  powder  trapped  in  the  film  must  be  smaller  than  the 
wavelength  of  the  visible  light.  This  is  the  product  normally  desired  for  various 
surface  modification. 


Ill  EXPERIMENTAL 


MATERIALS 

A  number  of  substrates  were  used  for  plasma  modification  which  include 
pyrolytic  graphite  blocks,  microscope  glass  slides,  silicon  chips  and  carbon/ 
graphite  (C/G)  fibers.  Pyrolytic  graphite  blocks  were  obtained  from  Pfizer  and 
they  were  employed  as  a  model  substrate  for  C/G  fiber  in  order  to  facilitate  the 
use  of  different  surface  characterization  tools  such  as  contact  angle  measure¬ 
ments.  Surface  of  the  block  is  parallel  to  the  basal  plane  of  the  graphite 
within  several  degrees.  Graphite  blocks  were  mechanically  polished,  washed  and 
dried  under  vacuum  at  100°C  overnight  before  they  were  reacted  with  plasma.  Glass 
slides  and  silicon  chips  were  investigated  for  the  purpose  of  comparison  with 
graphite  blocks.  Carbon/graphite  fibers  used  were  Fortafil-3  supplied  by  Great 
Lakes  Carbon  Corporation  and  Celion  GY-70  fibers  from  Celanese  Plastics  Corp. 

All  untreated,  unsized  and  commercially  treated  grades  were  used  as  received 
except  that  all  the  fibers  were  dehydrated  at  110°C,  under  vacuum  overnight 
before  subjected  to  modification.  The  technical  data  sheets  on:  each  product  are 
shown  in  Appendix. 

Acrylonitrile  monomer  used  for  plasma  polymerization  was  from  Eastman  Kodak 
Co.  It  contained  35  ppm  of  P-methoxyphenol  as  an  inhibitor.  The  selection 
of  this  monomer  is  based  on  the  assumption  that  acrylonitrile  will  produce  a 
chemically  compatible  polymer  with  polyacrylonitrile-based  fiber  surfaces.  Also 
according  to  Yasuda  (38),  plasma  polymerized  polyacrylonitrile  is  hydrophilic 
in  nature  and  this  will  provide  a  surface  with  a  high  surface  energy. 

Resin  matrix  used  in  the  preparation  of  composites  were  Epon  825,  and  meta¬ 
phenyl  enedi  amine  (MPDA  or  CL)  as  curing  agent  from  Shell  Company  and  E.I.  Dupont 
de  Nemours,  respectively.  Epon  825  is  a  light  colored  epichlorohydrin/bisphenol 
A  type  liquid  epoxy  resin.  Curing  agent,  metaphenyl enedi amine  is  a  solid  at 
room  temperature  with  a  physical  appearance  of  light  gray  to  tan  flakes.  Another 
resin  system,  Epon  resin  828  and  curing  agent  agent  V-40,  both  from  the  Shell 
Oil  Company,  were  used  since  they  were  the  most  commonly  used  epoxy  system  in 
laboratory  scale  composite  fabrication. 

PLASMA  EQUIPMENT 

A  plasma  treatment  set-up  consists  of  a  radio  frequency  power  generator  (1.5  Kw, 
13.56  MHz)  from  Materials  Research  Corporation  in  New  York,  an  impedance  matching 
box  by  Nye  Company  in  Washington,  a  tubular  reactor  made  of  Pyrex  (3  feet  long  and 
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4“  diameter)  coupled  with  an  induction  coil  outside,  a  monomer  evaporator  with 
flow  meters  and  two  vacuum  pumps.  Over-all  layout  of  the  system  is  shown  schemati¬ 
cally  in  Figure  8.  Two  mechanical  vacuum  pumps  were  used  to  evacuate  the  system 
up  to  about  0.03  +  0.02  mm  Hg.  The  pressure  was  measured  by  McLeod  Gauge.  The 
monomer  feed  tank  was  placed  into  a  temperature  controlled  water  bath  to  maintain 
a  constant  vapor  pressure  of  the  monomer.  The  flow  rate  of  monomer  vapor  was 
measured  by  a  flow  meter. 

SAMPLE  PREPARATION 

The  Fortafil  3  and  Cel  ion  GY-70  graphite  fibers  were  cut  into  6- inch 
tows,  and  were  secured  with  1"  masking  tapes  at  both  ends  on  a  special  rack 
designed  to  hold  the  fibers  with  the  maximum  amount  of  fiber  surface  exposed 
for  plasma  treatment.  Secured  fibers  were  dehydrated  in  a  vacuum 

oven  at  100°C  overnight,  then,  stored  in  a  vacuum  desiccator  until  the  plasma 
treatment. 

Pyrolytic  graphite  blocks  were  mechanically  polished  with  #600  silicon  carbide 
sandpaper,  then  polished  with  0.05  y  AJIgOj.  They  were  left  in  acetone  for  10 
minutes  and  dried  with  nitrogen  and  finally  put  into  vacuum  oven  at  100°C  for 
overnight  drying.  Glass  slides  were  washed  with  soap,  rinsed  with  distilled  water 
then  dehydrated  at  105°C  under  vacuum  for  10  hours  before  subjecting  to  treatment. 

Silicon  chips  were  cleaned  by  Inmersing  in  chromic-sulfuric  acid  solution  at 
90°C  for  10  minutes,  etched  with  HF  for  15  seconds  then  put  into  HNO-j  solution 
at  90°C  for  10  minutes.  Each  time  they  were  rinsed  with  distilled  water.  They 
were  dried  using  nitrogen  gas  and  used  immediately. 

Plasma  treatment  was  conducted  typically  at  a  power  input  of  30^50  watts 
under  a  pressure  of  100  n*  200  ym  Hg  with  various  monomer  flow  rates  and  treatment 
time.  The  monomer  temperature  was  about  28°C. 


SURFACE  CHARACTERIZATION 

Changes  In  surface  properties  of  the  samples  before  and  after  plasma 
treatment  were  characterized  by  wetting  angle  measurements,  electron  spectroscopy 
for  chemical  analysis  (ESCA),  and  infrared  spectroscopy  (IR). 

Advancing  contact  angle  measurements  were  made  by  the  sessile-drop  method 
using  model  A-100  NRL  Contact  Angle  Goniometer  manufactured  by  Rame-Hart  Inc. 
Critical  surface  energy  of  wetting,  yc»  of  various  surfaces  was  determined 
according  to  Zisman's  method  (46). 

ESCA  Instrument,  manufactured  by  Physical  Electronics,  was  used  for  elemental 
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and  chemical  identification  of  the  surface  composition.  In  ESCA  analysis, 
it  is  important  to  determine  the  relative  concentrations  of  the  various  constituent 
atoms.  A  generalized  expression  for  the  determination  of  the  fraction  of  any 
constituent  atom  in  a  sample,  Cx,  can  be  written  as: 

nv  VSv 

_  A  a  A 

Lx  '  n.  "  z  ys. 

where  n  is  the  number  of  x-atoms,  I.  and  S.  are  respectively  the  relative  peak 
area  in  ESCA  spectra  and  atomic  sensitivity  factor  (ASF)  of  ith  element  per  unit 
volume. 

In  IR  measurements,  both  ATR  technique  and  KBr  pellet  technique  were  used  to 
obtain  the  spectra  of  the  treated  surface  and  that  of  plasma  polymer  respectively. 
KBr  pellet  was  about  1  mm  in  thickness  from  which  the  spectra  was  obtained  in 
transmission  mode. 

Treated  and  untreated  surfaces  of  graphite  blocks  and  fibers  are 
examined  by  a  scanning  electron  microscope  (SEM). 

COMPOSITE  FABRICATION  AND  TESTING 


Unidirectional  composites  of  Celion  GY-70  and  Fortafil  3  fibers  with  epon 
825  epoxy  were  fabricated  as  follows: 

First,  fibers  cut  at  6"  length  were  carefully  placed  onto  a  bleed  cloth 
(from  West  Coast  Paper  Co.,  Seattle)  which  is  placed  on  a  glass  plate.  Epon  825 
premixed  with  MPDA  at  about  60°C  was  then  poured  onto  the  fibers  carefully. 

Another  bleed  cloth  was  placed  on  top  of  the  fiber  layout  and  excess  resin  was 
removed  by  rolling  the  fibers  between  the  bleed  clothes.  This  was  repeated  two 
more  times  to  ensure  complete  wetting  of  the  fiber.  The  fibers  were  then  tow 
by  tow  aligned  into  the  grooves  of  the  mold  which  had  been  sprayed  with  MS- 122 
release  agent.  A  diagram  of  the  mold  is  given  in  Figure  9.  The  molding  was 
carried  out  under  a  hot  press  at  85°C  for  2  hours  followed  by  150°C  for  about 
4  hours.  The  mold  was  then  aircooled,  overnight. 

Epon  828/V-40  composites  were  fabricated  similarly  except  that  the  molding 
cycle  was  60°C  for  one  hour  followed  by  100°C  for  10  hours  for  post  curing. 

Composite  laminates  were  then  cut  to  dimensions  of  2  V  x  V  x  V  for 
flexural  test  and  IV  x  V  x  V  for  interlaminar  shear  test. 

Flexural  and  interlaminar  shear  strengths  were  measured  by  three-point  bending 
test  using  an  Instron  Testing  Machine.  Soan-to-depth  ratios  were  4  and  16  for  inter¬ 
laminar  shear  and  flexural  tests  respectively. 
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IV  RESULTS  AND  DISCUSSION 


OPTIMUM  CONDITIONS  FOR  TREATMENT 

The  nature  of  coating  generated  by  plasma  polymerization  is  known  to  be 
affected  by  operating  parameters  such  as  power  inout,  monomer  flow  rate,  reactor 
pressure  and  the  location  of  the  substrate  with  respect  to  glow  region  (13). 

Initial  investigation  was,  therefore,  to  select  an  optimum  condition  which  will 
yield  the  most  desirable  coating,  namely,  a  coherent  and  transparent  one.  For 
this  purpose,  glass  slides  were  used  as  a  substrate.  Substrate  location  was 
chosen  to  be  inside  the  glow  region  where  maximum  deposition  rate  was  reported 
by  Yasuda  (32).  Major  consideration  was  to  find  a  condition  which  will  avoid 
formation  of  either  low  molecular  weight  oily  film  or  powdery  coating  which 
normally  occurs  when  gas  phase  polymerization  is  favored  (13). 

One  of  the  variables  investigated  was  flow  rate.  Using  an  input  power  of 
50  watts,  10  minutes  of  exposure  time  and  60  minutes  of  post- treatment  time, 
various  flow  rates  were  examined  with  respect  to  the  type  of  products  formed  on 
a  glass  surface.  Table  2  shows  the  typical  results  found.  The  results  showed  that 
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at  low  flow  rates  of  up  to  8  cm  /min,  brown  powders  were  obtained  and  wetting 
test  by  methanol  indicated  only  the  top  surface  had  changed.  However,  when  the 
top  surface  was  wiped  with  a  cloth,  the  modified  surface  disappeared.  This  suggests 
that  the  top  surface  was  not  truely  modified  by  plasma  polymerization,  but  rather 
a  layer  of  plasma  polymerized  powder  was  settled  from  the  gas  phase  onto  the 
surface.  On  the  other  hand,  at  high  flow  rates  of  35  cm^/min  or  higher,  no  visual 
difference  was  observed  compared  to  untreated  glass  slides.  Wetting  tests,  however, 
showed  an  uniformily  modified  surface  on  both  sides  of  the  glass  slides  and  also, 
the  surface  remained  intact  after  repeated  wiping  with  a  cloth.  Therefore,  at 
higher  flow  rates,  a  coherent  transoarent  film  is  obtained  which  is  strongly  ad¬ 
hered  to  the  surface.  This  result  is  consistent  with  the  general  trends  observed 
by  other  investigators  as  discussed  in  literature  review  section.  Based  on  this 
result,  a  35  cm  /mm  (STP)was  selected  as  a  standard  flow  rate  for  acrylonitrile 
monomer. 

According  to  Yasuda  (35)  the  rate  of  polymerization  is  independent  of  discharge 
power  in  electrodeless  glow  discharge.  Therefore,  the  minimum  power  required  to 
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generate  flow  along  the  reactor  was  chosen.  For  the  flow  rate  of  about  35  cm  /min 
(or  about  120  mm  Hg  monomer  pressure),  30  Watts  power  was  sufficient  to  generate  a 


stable  glow. 

Optimum  location  of  substrates  was  determined  by  using  a  short  coil  which 
covered  about  4  inches  of  the  reactor.  This  coil  was  placed  at  about  5  inches 
downstream  from  the  monomer  inlet.  Glass  slides  were  placed  along  the  full  length 
of  the  reactor.  At  an  acrylonitri le  (AN)  flow  rate  of  35  cc/min  with  50  Watts  of 
power,  these  slides  were  treated  for  1  minute,  followed  by  a  post- treatment  of  60 
minutes  in  AN  monomer  vapor.  These  slides  were  then  subjected  to  wetting  tests, 
and  only  the  slides  placed  within  the  glow  region  showed  an  improved  wetting  behavior. 
This  phenomena  was  also  observed  by  Yasuda  (32),  who  studied  the  polymerization 
rate  of  tetrafluoroethylene  at  various  position  in  a  similar  system.  Based  on  this 
result,  the  substrate  location  was  selected  to  be  within  the  glow  region. 

The  other  major  parameter  was  to  determine  the  time  of  treatment.  This  was 
determined  by  measuring  the  changes  in  contact  angle  of  the  glass  slides  as  a 
function  of  treatment  time.  To  do  this,  the  wetting  properties  of  untreated 
glass  slides  were  determined  first.  Table  3  summarizes  the  measured  contact  angles 
on  glass  slides  with  different  liquids  having  various  surface  tension  values. 

Fig.  10  shows  the  plot  of  cosine  of  contact  angle  against  the  surface  tension. 

From  this  plot  following  Zisman's  approach  (46),  the  critical  surface  energy 
of  the  glass  slide  was  found  to  be  about  18  dynes/cm. 

Table  4  gives  the  values  of  contact  angle,  found  with  water  and  glycerol,  on 
glass  slides  as  a  function  of  exposure  times  in  AN  monomer  plasma,  and  Figure  11 
shows  the  plot.  Initial  contact  angle  of  about  30°  for  untreated  surface  was 
sharply  reduced  to  about  7°  in  10  minutes,  followed  by  a  gradual  reduction 
to  4°  in  25  minutes,  and  then  levelled  off.  This  pattern  of  initial  sharp 
change  followed  by  much  slower  change  in  wetting  behavior  was  reported  by  others 
as  well  (53,54).  Levelling  of  the  contact  angle  is  assumed  to  be  the  on  set 
of  the  complete  coverage  of  the  surface  by  plasma  polymer,  which  occurs  at 
around  20  minutes  of  treatment.  Based  on  this  data,  the  plasma  treatments  were 
all  carried  out  for  30  minutes. 

POST  TREATMENT  CONDITION 

It  has  been  observed  that  free  radicals  remain  on  the  substrate  surface  after 
the  plasma  treatment  (42,55,25).  These  active  sites  are  probably  formed  both 
through  incorporation  of  free  radicals  from  the  gas  phase,  and  by  the  impingement 
of  active  plasma  species  and  radiation  onto  the  deposited  film.  Due  to  the 
highly  crosslinked  structure,  trapped  radicals  have  low  mobility  and  do  not  recombine 


rapidly.  Upon  exposure  to  the  atmosphere,  these  radicals  react  with  oxygen 
and  form  carbonyl  and  hydroxyl  groups.  These  radicals  were  found  to  posses 
a  long  half  life  (47,48)  and  have  been  known  to  be  responsible  for  polymerization 
to  continue  after  the  plasma  has  been  turned  off.  Reaction  of  these  trapped 
free  radicals  with  the  surrounding  atmosphere  can  alter  the  final  structure  of 
the  surface.  Various  post  treatment  conditions  were  therefore  applied  to  the 
graphite  surfaces  immediately  after  the  plasma  treatment  and  their  effects  on 
the  structure  were  examined  by  using  ESCA.  Post  treatment  conditions  include; 

1.  10  hrs.  in  vacuum 

2.  l*s  hrs.  in  monomer  gas 

3.  4  hrs.  in  monomer  gas 

4.  10  hrs.  in  monomer  gas 

5.  no  post  treatment  (exposed  to  air  immediately) 

ESCA  data  on  each  surface  are  summarized  in  Table  5  where  the  ratio  of  major  peaks 

cls*  0]s*  and  Nls  are  comPared* 

Between  the  samples  with  no  post  treatment  (i.e.,  exposed  to  air  immediately 
after  the  plasma  treatment)  and  10  hours  in  vacuum,  both  the  0/C  and  the  N/C 
ratios  were  significantly  higher  in  the  former  compared  to  the  latter.  It  appears 
that  the  post  treatment  in  vacuum  for  10  hours  substantially  reduces  the  free 
radical  concentrations  and  thereby  reduces  the  extent  of  reaction  with  oxygen  and 
nitrogen  in  air.  Within  the  series  post  treated  with  acrylonitrile  monomer,  there 
were  systematic  changes  in  the  elemental  ratios  such  that  the  ratio  of  0/C  decreased 
with  Increasing  post  treatment  time  while  the  ratio  of  N/0  showed  gradual  increase. 

In  other  words,  relative  amount  of  oxygen  with  respect  to  carbon  and  nitrogen 
becomes  lower  with  increasing  amount  of  post  treatment.  This  result  is  consistent 
with  the  speculation  that  during  the  post  treatment,  further  polymerization  of 
acrylonitrile  monomer  would  proceed  by  the  initiation  of  the  residual  free  radicals 
(described  as  Dlasma  induced  polymerization  (13))  and  this  will  produce  poly¬ 
acrylonitrile  similar  to  conventionally  produced  PAN.  As  a  consequence,  the  amount 
of  free  radicals  would  be  reduced  substantially  resulting  in  less  amount  of  oxygen 
to  be  incorporated  upon  subsequent  exposure  to  air.  Post  treatment  with  monomer, 
therefore,  seems  to  produce  the  surface  which  will  resemble  the  structure  of  conventiona 
PAN,  at  least  on  the  very  too  layer.  When  the  post  treatment  of  10  hours  vacuum  is 
compared  to  10  hours  in  monomer,  the  relative  amount  of  oxygen  is  significantly 
higher  In  the  former  suggesting  that  during  the  vacuum  treatment,  free  radicals  are 
noteaslly  annihilated  as  when  they  are  exposed  to  monomer  and  therefore,  subsequent 
exposure  to  air  results  in  higher  concentrations  of  oxygen. 
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Based  on  the  results  on  the  effects  of  operating  variables  and  post  treatment 
conditions,  a  standard  condition  for  the  AN  plasma  treatment  was  established  as 
follows: 

Power:  30  Watt 
Pressure:  120  nm  Hg 

3 

Monomer  flow  rate:  35  cm  /min 

Exposure  time:  30  min 

Post  treatment  time:  1.5  hours 

SURFACE  CHARACTERIZATION  OF  GRAPHITE  BLOCKS 

CONTACT  ANGLE  MEASUREMENTS:  Wetting  angle  of  the  treated  graphite  surface  was 
measured  with  water  at  25°C  and  the  value  of  5°  was  obtained  which  is  close  to 
that  observed  in  treated  glass  surface.  This  was  a  drastic  change  from  the  untreated 
surface  which  was  non-wetting  with  the  angle  of  82°  (Table  6).  This  indicates 
that  graphite  surface  becomes  much  more  polar  after  treated  with  AN  plasma. 

Another  important  fact  is  that  this  surface  is  not  easily  changed  by  mechanical 
or  by  solvent  removals,  indicating  that  the  surface  change  is  permanent. 

Further  characterization  was  made  to  determine  the  critical  surface  energy  of 
wetting,  yc»  of  both  untreated  and  treated  surfaces  by  measuring  contact  angles 
with  a  series  of  test  liquids  (Table  6)  and  by  Zisman's  plot  (Figure  12).  From 
Figure  12,  the  values  of  yc  for  graphite  blocks  were  found  to  be  32  dynes/cm 
for  untreated  and  'v*  54  dynes/cm  for  treated  surface.  32  dynes/cm  for  untreated 
pyrolytic  graphite  surface  is  close  to  a  reported  value  of  28  dynes/cm  for  Pfizer 
graphite  ribbon  by  Dynes  and  Kaelble  (52). 

Increase  in  yc  value  in  AN  plasma  treated  surface  make  it  easy  to  be  wetted 
by  liquids.  Improved  wetting  Is  also  observed  with  Epon  828  resin  as  shown  in 
Table  6. 

ESCA  ANALYSIS:  The  treated  and  untreated  graphite  surfaces  were  examined  with  ESCA. 
Figure  13  shows  the  ESCA  spectra  for  untreated  (a)  and  treated  (b)  graphite. 

Also  shown  in  Figure  13-c  is  the  spectra  of  the  silicon  treated  under  the  same 
condition  as  graphite  for  comparison.  Table  7  summarized  the  ESCA  peak  ratios 
and  elemental  ratios  of  carbon,  nitrogen  and  oxygen  atoms.  In  untreated  graphite 
(13-a),  C^$  peak  was  observed  at  284.3  eV  which  corresponds  to  graphite  carbon. 

Also  substantial  amount  of  0-|s  peak  was  seen  at  530.0  eV,  which  may  arise  from 
surface  carbonyl  and  carboxylic  groups.  The  ratio  of  C/0  was  3.57. 


In  treated  graphite  surface  (13-b),  In  addition  to  Cls  and  0-|s  peaks,  a  strong 
Nls  was  present.  At  high  resolution,  most  peaks  appear  as  multiple  peaks: 

C1$  (284.7  -  288.6  eV),  01$  (531.9  -  532.5  eV)  and  Nls  (400.4  eV),  suggesting 
that  the  structure  of  plasma  polymerized  acrylonitrile  (PPAN)  may  be  quite 
complicated.  The  ratio  of  C/0  in  treated  sample  is  1.54  which  is  much  lower  than  3.57 
of  untreated  sample  and  the  ratio  of  N/C  is  0.34.  In  treated  silicon  (figure 
13-c),  ESCA  peaks  are  similar  to  those  from  treated  graphite,  showing  only 
Cls,  N1$  and  01$  peaks  and  no  Si  peak  was  detected.  This  indicates  that 

the  silicon  surface  was  completely  covered  with  PPAN  at  least  to  a  depth  of  50  ^  100 

o 

A. 

ESCA  of  a  clean  polyacrylonitrile  surface  is  shown  in  Figure  14  for  comparison 
and  the  elemental  ratios  and  concentrations  in  PPAN  and  PAN  are  summarized 
in  Table  7.  ESCA  results  clearly  show  that  PPAN  contains  substantially  higher  concen¬ 
trations  of  both  N  and  0  atoms  when  compared  to  conventionally  produced  PAN. 

SCANNING  ELECTRON  MICROGRAPHS:  Figure  15  shows  the  SEM  micrographs  of  the  pyrolytic 
graphite  blocks  which  were  Dollshed,  untreated  (15-a)  and  treated  (15-b)  with 
acrylonitrile  plasma.  No  major  difference  was  detected  between  the  two, suggesting 
that  plasma  does  not  etch  the  surface.  Since  the  PPAN  deposited  is  not  expected  to 
be  greater  than  1000  8  in  thickness,  it  is  unlikely  that  the  surface  texture  would 
be  altered  by  such  a  thin  coating.  Figure  16  shows  the  SEM  micrographs  of  both 
untreated  (16-a)  and  treated  (16-b)  Fortafil-3  graphite  fibers.  This  fiber  is  PAN 
based  and  the  surface  is  relatively  smooth.  Again  no  major  differences  in  surface 
textures  were  detected.  Plasma  treatment  appears,  therefore,  neither  to  develop 
any  surface  etching  nor  to  increase  roughness  to  a  significant  level. 

INFRARED  SPECTRA  OF  PPAN:  IR  spectra  of  the  plasma  polyacrylonitrile  were 
obtained  using  KBr  pellet  technique.  The  KBr  powder  was  treated  with  AN  plasma 
and  the  spectra  was  obtained  through  transmission  mode.  The  result  is  shown 
In  Figure  17.  Various  attempts  to  obtain  spectra  directly  from  AN  plasma 
treated  graphite  by  the  ATR  technique  were  not  successful  due  to  the  in¬ 
sufficient  peak  Intensity  to  overcome  noise  problem.  The  IR  spectra  of 
conventional  polyacrylonitrile  Is  given  in  Figure  18.  The  major  IR  bands  for 
PPAN  and  PAN  are  summarized  In  Tables  8  and  9  respectively.  Band  assignments 
are  tentative  and  based  on  the  published  data  in  the  literature  (56). 

In  general,  the  spectra  of  PPAN  Is  substantially  different  from  that  of  PAN. 

Some  major  differences  are  a  broad  and  strong  peak  at  around  3400  cm"1,  peaks  at 
2166  cm"1,  1560  cm'1,  1121  cm"1  and  805  cm"1  which  are  present  only  In  PPAN.  A  broad 
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peak  at  3400  cm"*  is  probably  due  to  NH  peaks  as  well  as  OH  peaks  from  moisture, 
which  may  be  present  in  KBr  Amide  II  band  at  1560  cm"*  is  clearly  seen  in  PPAN 
but  not  present  in  PAN.  Also,  relatively  strong  band  at  1120  cm-1  indicates 
the  oossible  presence  of  high  concentrations  of  OH  groups  in  PPAN.  Although 
further  studies  are  needed  to  better  assign  these  peaks,  it  appears  that 
PPAN  contains  high  concentrations  of  C  =  0  groups  and  OH  groups.  This  is 
consistent  with  the  highly  polar  nature  of  PPAN  surface  as  determined  by  wetting 
angle  measurements. 

MECHANICAL  PROPERTIES  OF  COMPOSITES 

Effect  of  plasma  treatment  of  fibers  on  the  fiber-resin  interaction  was 
investigated  by  making  composites  and  measuring  flexural  and  interlaminar  shear 
strengths  (ILSS).  Uniaxial  composites  of  Fortafil-3  graphite  fiber/Epon  828 
and  Epon  825  epoxy  resins,  containing  fibers  of  ca.  60%  by  volume,  were 
fabricated  and  tested.  Also  uniaxial  comDosites  of  Cel ion  6Y-70  graphite 
fibers /Epon  825  epoxy  were  studied.  In  all  composite  systems,  AN  plasma 
treated  fibers  are  compared  with  both  untreated  control  and  commercially  treated 
grades.  Tables  10,  11  and  12  summarize  the  strength  data. 

In  Fortafil  3  /Epon  828  composites,  composites  with  untreated  fibers 
exhibited  the  highest  flexural  strength  (148  ksi)  and  the  lowest  ILSS  (7100  nsi). 
ComDared  to  this  both  commercially  treated  and  sized  (by  Great  Lakes  Carbon 
CorD.)  fibers  yielded  slightly  higher  ILSS  (7400^  8000  nsi),  but  at  a  sub¬ 
stantial  loss  of  flexural  nroperties  (111  n,  127  ksi).  This  is  typical  of  many 
commercially  treated  fibers  where  treatment  may  involve  oxidation  or  surface 
etching.  AN  plasma  treated  fibers,  on  the  other  hand,  showed  a  substantial 
improvement  of  ILSS  (8200  psi)  over  the  control,  highest  among  the  four,  and 
this  was  achieved  without  any  loss  of  strength. 

Table  11  shows  the  data  from  Fortafil  3/Epon  825  Composites  containing 
ca.  60%  fibers.  Again,  AN  plasma  treatment  resulted  in  improved  ILSS  (7900  psi) 
over  the  control  (7200  psi)  and,  more  interestingly,  a  substantial  increase 
in  flexural  strengths  (1Q9  ksi  vs  170  ksi).  Commercially  sized  and/or  treated 
fibers  showed  mixed  results,  sized  fibers  being  the  poorest  of  all. 

In  Cel ion  GY- 70/  Epon  825  Composites,  the  highest  flexural  strength  was 
obtained  with  AN  plasma  treated  fibers  (138  ksi),  which  is  considerably 
higher  than  both  untreated  (112  ksi)  and  cormiercial ly  treated  grade  (123  ksi). 
Plasma  treatment  resulted  in  a  65%  increase  in  ILSS  compared  to  untreated 
fibers.  However,  this  was  not  as  high  as  the  ILSS  values  obtained  with 
commercially  treated  GY- 70  fibers. 


The  overall  effect  of  the  AN  plasma  modification  of  graphite  fibers  is 
that  it  imoroves  substantially  the  ILSS  and  at  the  same  time,  improves  or 
maintains  the  original  strength  of  the  untreated  fibers.  Increase  in  ILSS 
of  eDoxy  matrix  composites  appears  to  depend  on  the  type  of  fibers.  Improved 
flexural  orooerties  of  the  AN  plasma  treated  fiber  composites  may  be  due  to 
either  improved  wettinq  of  the  treated  fibers,  as  evidenced  by  wetting  experiment 
or  improved  tensile  strength  of  the  fiber  itself,  or  both.  Preliminary  tests 
indicates  that  AN  plasma  treatments  enhance  the  tensile  strength  of  some 
graphite  fibers.  It  is  plausible  that  plasma  polymerization  may  effectively 
heal  the  smaller  size  surface  cracks  thereby  increasing  the  strength.  (This 
aspect  of  the  research  clearly  needs  further  investigation.)  Improvements  of 
of  ILSS  in  Cel  ion  6Y-70  fibers  by  plasma  were  relatively  small  compared  to 
commercial  treatment.  This  may  be  due  to  limited  exposure  of  individual  fibers 
to  plasma  gas  during  the  treatment  because  of  considerable  difficulties  in 
opening  the  fibers  from  itsbundleof  particular  tape  construction.  In  other 
words,  only  part  of  the  fiber  surfaces  might  have  been  modified. 


V  SUMMARY  AND  CONCLUSIONS 


1.  Surface  modifications  of  C/G  fibers  and  pyrolytic  graphite  blocks 
with  acryloni tri le  (AN)  plasma  was  carried  out  in  a  tubular  plasma 
reactor  coupled  with  a  RF  indication  coil.  Optimum  operating 
parameters  were  determined  by  monitoring  the  changes  in  surface 
nronerties  with  wettinq  angle  measurements.  Typical  treatment 
conditions  employed  are: 

Power  input  =  30  50  watt 

Monomer  flew  rate  =  35  cc/min  (STP) 

Treatment  time  =  10  ^  30  minutes 
Monomer  Temperature  =28°C 

2.  Pyrolytic  graphite  blocks  were  used  as  a  model  surface  to  C/G  fibers. 
This  allows  the  use  of  contact  angle  measurements  as  a  means  of 
monitoring  the  surface  changes  during  the  plasma  treatment  and  also 
to  obtain  the  critical  surface  energy  for  wetting,  Yc»  of  the 
treated  and  untreated  surfaces. 

3.  AN  plasma  treated  graphite  surface  is  much  more  polar  and  thus, 
more  readily  wettable  (see  Table  6).  Yc  of  untreated  graphite 
surface  is  28  ^  32  dynes/cm  which  was  increased  to  about  54  dynes/cm 
(see  Figure  12)  and  thus  wetting  by  polymeric  fluid,  such  as  Epon 
828,  is  greatly  enhanced  (Table  6) 

4.  Exposure  of  treated  surfaces  to  various  environments  immediately 
after  the  AN  plasma  treatment  was  investigated.  ESCA  analyses  of 

the  post-treated  surfaces  suggest  that  maintaining  the  treated  surface 
in  AN  monomer  vapor  promotes  the  plasma-induced  polymerization  of 
acrylonitrile  on  the  surface,  whereas  direct  exposure  to  air  results 
in  higher  concentrations  of  oxygen  and  nitrogen  atoms  in  relative1 
to  carbon  (  Table  5). 

5.  ESCA  analyses  of  treated  surfaces  reveal  that  the  AN  plasma  treated 
surfaces  are  identical  and  independent  of  the  type  of  substrates 
among  graphite,  glass  and  silicon.  Also  the  surface  is  completely 
covered  by  PPAN  (Figure  3).  Preliminary  data  of  IR  spectra  suggests 


that  PPAN  contains  a  number  of  peaks  which  are  absent  in  PAN 
spectra,  suggesting  that  the  structure  of  PPAN  is  much  more 
complicated.  Among  the  peaks,  amide  II,  carbonyl  and  OH  appears 
to  be  abundant  in  PPAN. 

6.  SEM  micronranhs  of  the  treated  and  untreated  surfaces  are  identical 
(Figures  15  and  16)  in  both  fiber  and  block  specimens,  suggesting 
that  AN  plasma  has  no  etching  effect  under  these  conditions. 

7.  AN  plasma  treated  fibers  are  compared  with  untreated  or  commercially 
treated  fibers  by  making  unaxial  composites  with  epoxy  matrix  and 
testing  interlaminarshear  and  flexural  strengths.  With  both 
Fortafil  3  fibers  (by  Great  Lakes  Carbon)  and  Cel  ion  GY-70  fibers 
(by  Celanese  Plastics  Co.),  AN  plasma  treated  fibers  provided 
consistently  the  highest  flexural  properties  among  the  three  types 
of  fibers  except  for  Fortafil  3/828  and  also  substantially  higher 
interlaminarshear  strength  compared  to  untreated  fibers.  Higher 
flexural  strength  appears  to  be  due  to  improved  wetting  of  the 
fibers  by  epoxy  matrix  and  also  in  part,  by  enhanced  fiber  strength 
by  AN  plasma. 
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Table  1  Surface  Treatments  of  Graphite  Fibers  (5) 


Methods 

Oxidation  (Wet) 

HNOj 

KMN0„  H2S04 

Sodium  hypochlorite 
Chromic  acid 

Electrolytic  NaOH 

Oxidative  (Dry) 

Vacuum  desorption 
Air 

Oxygen  or  Ozone 
Catalytic  oxidation 

Coatings 

HN03  +  polymer  coating 

Air  +  alternating  &  block 
copolymers 

Vapor  Phase  Deposition 

Pyrolytic  C 
Si lica/si licon 

Metals 

Whiskeri  zation 
SiC 


Effects  on  Mechanical  Properties 

20-200%  increase  in  ILSS;  decrease  in  tensile 
strength;  effect  varies  with  degree  of  graphi ti zation 
and  precursor 

100-200%  increase  in  ILSS;  slight  decrease  in  tensile 
strength  and  flexural  strength 

30-100%  increase  in  ILSS 

Decrease  in  tensile  strength;  excess  degradation 
of  fiber 

70-120%  increase  in  ILSS;  slight  decrease  in  tensile 
strength 

20%  increase  in  ILSS 

10-200%  increase  in  ILSS;  difficult  to  control 
20-40%  increase  in  ILSS;  difficult  to  control 
50-100%  increase  in  ILSS 


Slight  increase  in  ILSS  (over  HN03) 
50-100%  increase  in  ILSS 


25-60%  increase  in  ILSS;  varies  with  fiber  type 

Slight  increase  in  ILSS;  increase  in  oxidative 
resistance 

Increase  in  oxidative  resistance 

200-400%  increase  in  ILSS;  depends  on  fiber  type 


Table  2 


Pressure  *  80  -  ]50  um 
Power  =  50  Watt 
Monomer  *  acrylonitrile 
Exposure  Time  =  lo  min. 
Post-Treatment  Time  =  60  min. 


1.2 


5.0 


8.0 

20.0 


Type  of  Product - 

Brown  Powder 
Brown  Powder 
Brown  Dust 
Tel  low  Brown  Dust 


26.0 

35.0 

45.0 


White  Dust 
Transparent 

Transparent 


Su/!f?oe  changes  by 
-J(e Lting  tests 

One  Side  Only  (Top) 

One  Side  Only  (Top) 

One  Side  Only  (Top) 

Two  Sides  (bottom  side  show? 

beterHchanse 

Two  Sides 

eTxact!vethiWett'"9  behMor 
y  the  same  on  both  sid« 

Two  Sides 
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Table  3  Contact  Angle  Measurements  on  Glass  Slide 


Test  Liquids 

Y  * 

LV 

Contact  Angles 
(in  degrees) 

9 

Cos  0 

Water 

72.8 

33 

0.84 

Glycerol 

64 

30 

0.87 

Form amide 

58.3 

27 

0.89 

Ethylene 

Glycol 

48.3 

25 

0.91 

Surface  tension  of  test  liquid,  dynes/cm 


Table  &  Plasma  Treatment  Time  Versus  Contact  Angles  on  Glass 


Monomer  *  Acryloni tri 1e 

Power  =  30  Watts 

Post  Treatment  *  90  Minutes 

3 

Monomer  Flow  Rate  =  35  cm  /min 


Treatment  Time* 
_ (min) _ 


Contact  Angles  (in  degrees) 

Water _ Glycerol _ Formamide 


1 

25-27 

6 

13 

8 

6-10 

10 

6 

20 

5-6 

25 

4.5-5 

30 

5 

50 

4.5-5 

17-24 

5-7 

11 

6 

5-6.5 

2.5 

6-7 

3 

4-5 

2-3 

3.5-5 

— 

3-5 

2-3 

3-4 

wets 

75 


4 


3-4 


wets 


Various  Surface  Treatments 


0 

N 

N 

Post  Treatment 

Z 

Z 

z 

untreated  graphite 

0.23 

0.00 

0.00 

no  post  treatment 

0.81 

0.91 

1.13 

14  hr.  w/monomer 

0.65 

0.34 

0.33 

4  hr.  w/monomer 

0.45 

0.49 

1.10 

10  hr.  w/monomer 

0.38 

0.46 

1.21 

10  hr.  vacuum 

0.70 

0.69 

0.98 

* 

Post  treatment  after  treatment  with  acrylonitrile  plasma  for  30  minutes 
with  power  =  40^50  watts,  monomer  flow  rate  =  35  cc/min,  and  pressure  = 
160^180  ym  Hg. 
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Test  Liquids 

ylv* 

Pyrolytic  Graphite 

Water 

72.8 

82 

Glycerol 

64 

71.5 

Formamide 

58.3 

55 

Ethylene 

Glycol 

48.3 

45 

Polyglycol** 

PI  5-200 

36.6 

21.5 

** 

Polyglycol 

PI  200 

31.3  * 

12 

*** 

Epon  828 

- 

26  28 

5.5 

4.5  'v  5 
3 


8^9 


♦surface  tension  of  test  liquid,  dynes/cm 
♦♦supplied  by  Dow  Chemical 
♦♦♦testing  temperature  was  38°C 


ESCA  Peak  Ratio 


Estimated  Elemental 
Concentrations  (%) 


0 

N 

C 

N 

0 

Z 

C 

Untreated  graphi te 

0.28 

0 

91 

0 

9 

Treated  graphite 

0.65 

0.34 

66 

19 

15 

PAN 

0.25 

0.17 

85 

8 

7 

♦Treated  with  AN  Plasma  for  30  minutes  followed  by  post  treatment  with  AN 
monomer  for  90  minutes. 


Possible  Source 


Table  8  Tentative  Assignments  of  Major  IP, 
Plasma  Polymerized  Acrylonitril 


Wave  Number  (cm"1)  Intensity 

3430  S 

2960  S 

2930  S 

2855  W 

2165  S 

1663  S 

1560  W 

1460  W 

1380  S 

1260  S 

1120  S 

1030  S 

870  W 

805  S 


-NH,  -tfH? 

-OH  c 

CH  stretching  (CH^) 

CH  stretching  (CH^ ) 

ch2 

CH  stretching 

-C=C-(non  conjugated), 
-C=N  (open  chain) 

amide  II 

CH  deformation  (CH^CHj) 

branching  &  x-1 inking 

□•^(branching) 

(primary  alcohol)  OH, 

C*0  stretching 

(primary  alcohol)  OH, 

C=0  stretching 

CN  stretching  (ring 
system),  -C=CN 

aromatic  CH,  CH  defor¬ 
mation 

CH  out  of  plane,  C=C 


i 

i 
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Table  9  Tentative  Assignments  of 
Major  IR  Bands  in  Polyacylonitri le  (PAN) 


Frequency  (cm-*) 

Intensity 

Possible  Source 

2940 

strong 

_CH2  stretching 

2875 

medium 

-CHg  stretching 

2240 

strong 

ChN  stretching 

1670 

strong 

-C=C,  -C=0  stretching 
-  NH  deformation 
-C=N  stretching 

1455 

strong 

-CH  deformation,  C-C  Skeletal 
R-N=0,  N-N=0 

1390 

medium 

CH  deformation 

1362 

medium 

-CH^  wagging 

1320 

weak 

CH  bending 

1255 

medium 

-OH  deformation,  CO  stretching 

1225 

weak 

-CH,,  twisting 

1095 

medium 

-CO  stretching,  C-N  vibrations 
CH  deformation 

1070 

medi urn 

C-N  vibrations 

CH  deformation 

C-0  vibrations 

1040 

weak 

OH  deformation,  CO  stretching 

865 

weak 

CH  out  of  plane  deformation 

780 

weak 

-CH^  rocking 

660 

medium 

=CH  deformation 

CH  out  of  plane  deformation 

Tab,e  10  ^MiaUroegrties  of  Fort,fn  gg 

Composites  (Vf=  60%) 


Fiber  treatment 
None* 

Commercial  treatment** 
Commercial  Size** 

AN  plasma  (5  min) 


Flexural 

Strength 

(ksi) 
148  +  10 
111  ±  18 
127  ±  15 
145  +  5 


Interlaminar 
Shear  Strength 

(ksi) 

7.1  +  0.5 
7.4  ±  0.5 
8.0  ±  0.3 

8.2  +  0.1 


*  Unsized,  untreated 

**  Tredted  By  Great  Lakes  Carbon  Corn. 

+  Span-to-depth  ratio  4 
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Fiber  Treatment 

Flexural* 

Strength 

Interlaminar 
Shear  Strength 

(ksi) 

(ksi) 

None** 

170  ±  12 

7.2  ±  0.8 

Commercial  Treatment*** 

198  ±  10 

10.3  ±  0.8 

Commercial  Sized*** 

140  ±  13 

6.9  +  0.3 

AN  Plasma 

199  ±  29 

7.9  A  0.3 

*  Span  to  depth  ratio  is  16  to  1. 

**  Unsized,  untreated 

***  Treated  by  Great  Lakes  Carbon  Corp. 
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Table  12  Mechanical  Properties  of  Celion  6Y-7n/ 
Epon  825  Composite  (Vf=  60) 


Fiber  Treatment 
None 

Commercial  Treatment** 
A/VPlasma 


Flexural* 
Strength  (ksil 

112.3  +  5.4 

122.8  ±  5.3 

138.0  ±  4.0 


Interlaminar 
Shear  Strength  (ksi 

3.3  ±  0.2 

8.1  ±  0.3 

5.4  +  0.3 


« , » 


*  Span-to-denth  ratio  is  32  :  1 
**  By  Celanese  Plastics  Co. 


• f 


Growth  Rate  (^g/cm^/hr) 


Figure  3:  The  Rate  of  Plasma  Polymerization  of  Ethane  as  a 
function  of  Discharge  Frequency. (40) . 


V  VV  V  V.  ,  • 


Deposition  Rate  (mg/cm  /hr) 


•V 


•  » * 

i 


Figure  4:  Rates  of  Plasma  Polymerization  of  Acetylene,  Ethylene 
and  Ethane  as  a  function  of  Monomer  Flow  Rate  (40). 
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power  *  100  '.V 
ores sure  =  2  torr 


powder 


Ethylene 


Propylene 


■  Ethylene 
*  100%  conversion 


Isobutylene 


Flow  Rate  (ST?,  cc/min) 


Figure  5:  Rates  of  plasma  Polymerization  of  Ethylene,  Propylene 

and  Isobutylene  as  a  function  of  Monomer  Flow  Rate  (40) 


Rate  (m^/crn'/hr) 


Pressure  (torr) 

Pressure  (torr) 


Figure  7:  Characteristic  Map  for  Plasma  Polymerization  of  Ethylene  (40) 


Radio  Frequency  220  V 

Power  Unit  _  Power  Source 


Figure  10:  Determination  of  the  Critical  Surface  Energy  for  Wetting,  Y  ,  of*  Glass  Slide. 


o 


(S90J69Q)  0|6uv  jODjUOQ 


re  ns  ion  (dynes/cm) 


Cfl  SURVEY  SF=  1.298,  -.839  BflT=  5.88  87/17/EH  6UL42 


ESCA  Spectra 


Figure  15:  SEM  Micrographs  of  Pyrolytic  Graphite  Surfaces,  Untreated 
(a)  and  treated  (b)  with  AN  Plasma  (Magnification  10000X) 
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APPENDIX 
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ceria 


ronerties- 


carbon  fibers; 

\/ 


'  N  5  G'r  70  s  an  Ultra  High  Modulus  Carbon  Fiber  unidirectional  tape  for  use  as  reinforcement  in  high  per 
•.  tes  Suggested  applications  include  stiffness  critical  structures,  near  zero  coefficient  of  thermal 

a . ates  and  other  appiicat.ons  wnere  the  thermal,  electrical  or  frictional  properties  of  a  h  ghiy  graprn 

■  : j  :,e  .,ed  to  ad.antage, 

'«  .j>  '  1  s  -rape  from  pel y aery loni tr i ie  (PAN)  precursor  and  is  processed  at  temperatures  above  3000*0 
a  ■  te.jree  of  graphic, ration.  This  results  in  a  carbon  fiber  with  a  superior  modulus  and  electrical/ 
:  ■  ,  • .  >orpas».ng  other  carbon  fibers.  Thermal  and  oxidative  stability  are  also  exceptionally  good.  The 

•  .  ••  " rj’r-  :  •  ■  mp'Cve  adhesion  to  organic  polymers. 


r  Properties 


Tvoical 


270x1 03psi 
75x1  06psi 
0.38  -o 

0.071  lb  m J 
3900  13  mil  -ft 


Minimum 


220x  1  03  psi 
70x10°psi 

0  069  It)  n3 


International 
Tvoical  Minimum 


tent  and  Tape  Characteristics  and  Configuration 


0 33.10  J  n 


1860MPa 
51  7GPa 
0.38'= 

1  96  g  cm3 
650/a  11  cm 


8  4x  1  0  6  m 

Bilobal 

384 

20  *.,rn'.  - 


1 5 1 6MPa 
482GPa 

1  90  g  ert 


.  il-  "M- 


^■■ELANESE 

structural  composites 


•chnical 
ata  Shni 
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Great 

Lakes 

Carbon 


Fortafil®3 

Fortafil®  3  is  a  high  strength,  intermediate 
modulus  carbon  fiber  supplied  as  either  a 
30,000  or  200,000  filament  continuous 
tow  with  no  twist.  This  grade  is  surface 
treated  to  increase  the  fiber-to-resin 
interfacial  bond  strength. 


typical  Fiber  or  Tbw  Properties 

Tensile  Strength 
Tensile  Modulus 
Density 

Single  Filament  Diameter 
Tbw  Cross  Sectional  Area 
Tbw  Yield 

Electrical  Conductivity 
Specific  Heat 

Axial  Coefficient  of  Thermal  Expansion 
Axial  Thermal  Conductivity 


420  ksi. 

30  Msi. 

0.0625  lbs/in3 
0.0003  in. 

0.0035  in1 
400  ft/lb. 

570  ohm'1  cm'1 
0.22cal/g/°C. 

-o.ii  x  io*rc. 

0.20  W/cm°C. 


2895  MPa 
207  GPa 
1.73  g/cm3 
7.5. 

0.0226  cm2 
3.72  g/m 


Typical  Unidirectional  Composite  Properties 

In  a  Typical  Epoxy  @  60%  Fiber  \blume 
Flexural  Strength  250  ksi. 

Flexural  Modulus  17  Msi. 

Shear  Strength  (4: 1  short  beam)  15  ksi. 


1724  MPa 
117  GPa 
103  MPa 


Further  information  may  be  obtained  by  catling 
(716)  278-8744. 


>*fe  do  not  warrant  the  accuracy  or  applicability  of 
the  information  contained  herein  or  the  suitability 
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